ABSTRACT A machine-vision-system-guided 
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BACKGROUND
Increasing farm sustainability and protecting water quality are two major goals of current agricultural research. United States farmers applied about 1.2 billion pounds of pesticides in 1995, representing a significant portion of the variable costs of agricultural production (PANUPS, 1997) . Many of these chemicals are soil-applied (pre-emergence) herbicides, which are more prone to movement into ground water and surface water supplies. Soil-applied herbicides such as atrazine and alachlor are potential threats to the safety of drinking water supplies. At numerous sites, concentrations of these herbicides in the ground and surface water supplies have exceeded federal health levels (Marks and Ward, 1993) . Public concerns about health risks associated with herbicide residues have increased as more cases of herbicide contaminated water supplies have been reported.
Reduced-and zero-tillage systems (no-till) rely heavily on post-emergence herbicide strategies, and the trend toward increased adoption of no-till should increase the reliance on postemergence herbicides. Though most herbicides are applied uniformly in fields, there is strong evidence that weeds are not distributed uniformly within crop fields. Weeds tend to occur in clumps or patches (Wilson and Brain, 1991; Thornton et al., 1990; Mortensen, et al., 1995; Johnson, et al., 1995) . For example, Marshall (1988) investigated the effect of sampling intensity on the estimation of grass weed populations. Three species of grasses were observed.
From 27.4% to 79.6% of the areas sampled had no weeds, depending on the species. In these situations, spatial information management systems and precision application systems hold great potential for allowing growers to fine-tune the locations, timings, and rates of herbicide application. The precision herbicide application technologies that we developed and evaluated will use local sensors to sense the weed spatial distribution patterns. The realization of these technologies could significantly increase farm sustainability and reduce herbicide threats to the environment.
RELATED WORK
Much research has investigated strategies to control weeds with less herbicide to reduce production costs and to protect the environment. Simple methods have been proposed such as banding herbicide spray on crop rows and cultivating between the rows (Stout, 1992) . Models of weed-crop competition can be used to determine a bio-economic threshold for herbicide application (Barritt and Witt, 1987) . Many of the post-emergence herbicides that are currently used in the U. S. corn-belt can be applied at reduced rates without a significant impact on crop yields (Marking, 1990) . Some researchers even tried to further reduce the dosage and found that a rate of 1/8 of the labeled rate of post-emergence herbicides can still suppress weeds without appreciable yield losses (Willis and Stoller, 1990) . Chancellor and Goronea (1993) studied the effects of spatial variability of weeds on the site-specific application advantages. They found that at intermediate levels of herbicide application, the input efficiency increased approximately 40% for simulations of spatially modulated application on irrigated wheat. To realize spatial modulated (zone selective) herbicide application, detection based on a simpler, more reliable characteristic is needed for practical spraying systems (Thompson et al., 1991) . Many researchers have attempted to detect weeds in crop fields with machine vision systems (Shearer and Holmes, 1990; Woebbecke et al., 1992; Zhang and Chaisattapagon, 1995; Tian et al., 1997), because weed detection at the time of spraying could be very valuable for cutting chemical costs and reducing environmental contamination. However, these vision systems based on morphological or texture parameters generally needed a relatively high image resolution, and the detection algorithms were quite complicated and computationally expensive for real-time systems (Mayer et al., 1998) . With the exception of a few recent studies, machine vision recognition of individual plants is still at the stage of studying individual potted plants in the laboratory, or studying the target plants under a controlled indoor lighting environment (e.g., in a greenhouse).
A few real-time field systems have been developed. The photosensor-based plant detection systems (Shearer and Jones, 1991; Hanks, 1996) can detect all the green plants (weed and crop plants) and spray only on the plants. A machine-vision guided precision band sprayer for small-plant foliar spraying (Giles and Slaughter, 1997 ) demonstrated a target deposition efficiency of 2.6 to 3.6 times that of a conventional sprayer, and the non-target deposition was reduced by 72% to 99%.
Many current commercial sprayer controllers maintain constant application rate by compensating for ground speed changes, a concept that was researched more than a decade ago (Gebhardt et al., 1974; Dickey-john, 1987) . To use GIS or remote sensing information, research was initiated on map-driven variable rate sprayers (Rockwell and Ayers, 1994) . Because of the resolution of the weed map, the spatial resolution of those sprayer controllers was relatively low --the whole boom was controlled at one rate. Current post-emergence sprayers have boom widths of 20 to 50 meters. The timing of weed control was another issue. By the time the weed map was ready, field conditions may have changed.
A system that could make use of the spatial distribution information in real-time and apply only the necessary amounts of herbicides to the weed-infested area would be much more efficient and minimize environmental damage. Therefore, a high spatial resolution, real-time weed infestation detection system seems to be the solution for site-specific weed management.
OBJECTIVES
The general objectives of this project were to develop real-time sensors and control algorithms to estimate weed density and size in the fields, realize site-specific weed control, and effectively reduce herbicide application amounts for corn and soybean fields. The specific objectives of this study were to:
1. Develop a multi-functional variable rate sprayer platform for field plant sensor experimentation and evaluation; 2. Test the accuracy of a real-time weed-versus-plant sensing system in practical field spraying conditions; 3. Based on the system design, measure weed leaf coverage, weed number, size, etc. as a function of location in the fields and investigate the benefit of the precision sprayer.
MATERIALS AND METHODS
HARDWARE DESIGN
The initial design of the machine-vision-controlled sprayer ( Fig.1) included multiple cameras in a vision system, each camera imaging a single crop row. The multiple frames of images were combined into a single frame of image (512 by 480 pixels) before being processed by the computer. The cameras were situated one meter in front of the sprayer boom. Using this method, the long narrow area in front of the sprayer could be sensed with higher resolution without increasing the image size. After the first year's preliminary experiments, we found that the image spatial resolution could be reduced by using a digital wavelet transformation algorithm (see next section). In the revised prototype, we used two cameras, with each camera imaging two rows in the field. With this design, a four-camera setup could be used to cover eight rows, i.e., a 7.5-m wide area in front of the sprayer. A QuadraSplit 421SS video splitter * (Advanced Tech Video, Inc., Redmond WA) was used to combine four separate video frames to form the composite image. To reduce the image processing time for plant segmentation, a near infrared filter was used to create high contrast vegetation images. With the filter, the CCD cameras were sensitive to reflected radiation ranging from 700 nm to 1100 nm. A portable field computer (Dolch Computer Systems, Inc., Fremont CA) with a Pentium 133MHz CPU was used as the * The use of trade names, proprietary product, or specific equipment is only meant to provide specific information to the reader, and does not constitute a guarantee or warranty by the University of Illinois or the USDA-ARS, and does not imply the approval of the named product to the exclusion of other products that may be suitable.
main image-processing computer. A programmable 16-bit industrial controller with a 25 MHz CPU (TERN, Inc., Davis CA) was connected via the serial port with the main computer for sprayer speed sensing and solenoid valve control. A high speed CX-100 frame grabber (ImageNation, Inc., Beaverton OR) was used for field image acquisition.
The spraying boom on the prototype sprayer was 3.05 m (12 ft) wide. Twelve solenoid valves were mounted on the boom with a uniform 0.254-m (10-in.) interval between them. For each 0.762-m (30-in.) row, there were three nozzles on the boom, i.e., one above the centerline of the row and one to each side of the centerline to control one-half of the between-row area ( Fig. 2) . On a conventional chemical broadcast application sprayer, the nozzle spacing and the boom height chosen mainly depend on the overall spray pattern uniformity requirement. For the new precision sprayer, the sensing system spatial resolution was considered as the major factor in the nozzle spacing selection. For each individual nozzle to be controlled separately, the size of the field-zone which one nozzle covered should be equal to, or slightly larger than the detection zone of the vision system. The height of the boom was adjustable so that the image view area and the spray overlap could be fine-tuned to crop conditions.
The sprayer traveled at 1.6 to 5 km/h (1 to 3 mph) during the experiments. To provide data to test the system accuracy, images of both the field plants and control decisions were recorded as a combined image (through an image splitter) in real-time with an 8-mm video tape recorder ( Fig. 3 ).
SOFTWARE DEVELOPMENT
The Borland C/C++ 4.5 compiler was used for the image processing and sprayer control algorithm development. The image resolution was 480 pixel rows by 512 pixel columns. Each image was composed of four quadrants of 240 pixel by 256 pixel that covered a total area of 6.1 m by 0.43 m in the field. In the real-time image processing system, only the upper portion of each image (512 pixels by 56 pixels) was processed, and the processed portion represented a 3.05-m wide (4 rows) and 0.43-m long area in front of the boom of the sprayer. As mentioned earlier, there are 12 nozzles on the boom, so each nozzle represent a 42-pixel by 56-pixel control zone in the images. Two algorithms were developed and tested. One algorithm was based on the vegetation or weed coverage ratio; the other algorithm used image wavelet transformation methods to detect the target areas in the fields.
Weed coverage rate (WCR) algorithm
Since a near-infrared filter was used, the living plant leaves should be brighter than the background soil in the images (Guyer et al., 1986) . In the first algorithm, we used only the intensity pixels in an image to represent the coverage percentage of living plants in a given area.
To separate weeds from crop plants, additional information such as field location (different zones), crop row spacing, crop plant size (age), etc. would be needed. The weed coverage ratio (WCR) is defined as the ratio of the pixel numbers above the threshold to the total pixel numbers within a detection (control) zone:
where:
SUM W is the sum of all weed leaf pixels, and ZoneArea is the pixel count in one control zone, and is equal to 2352 (42 by 56 pixels).
Although an auto-iris video camera was employed in the system, the static threshold proved to be unreliable in outdoor lighting conditions. A simple dynamic thresholding algorithm was used to accommodate variable ambient lighting conditions. The dynamic threshold was calculated with the following equation:
Where:
T is the dynamic threshold, I max and I min are the sampled maximum and minimum pixel values, and c is the coefficient (the value is determined experimentally).
Each pixel in the image represented a 5.9-mm by 5.9-mm spot in the field. The smallest weed leaf that the sensing system could detect would be larger than this size. The WCR value for each individual control zone was considered as the indicator of the weed infestation conditions (weed density) in the site.
In our decision-making algorithm, a simple binary input decision was made to turn off the spray nozzle over all the weed-free areas (spray nozzle on/off control). An economic chemical application threshold was considered in the simulation test since information about weed numbers in unit area and average weed size (age) could be used to make the decision to skip some low weed density control zones or to decide between multiple application rates for different weed infestation levels.
The concept of an economic chemical application threshold level was the theoretical foundation for the decision on variable rate weed control. It is known that a crop can tolerate a certain pest level without a reduction in yield or quality (Barritt and Witt, 1987) . Therefore, costly (in terms of money and energy) practices need not be employed in all cases when pests are present. One concern of using the threshold level concept is that new seed will be added to the soil each year, since some weeds reach maturity. However, this should not be of major concern with many of the most common weed species because attempts at eradicating weed seed from the soil through weed control in a field have failed, as evidenced by the percentage of acres treated with herbicides (Barritt and Witt, 1987) .
Discrete wavelet transformation algorithm
Because of disparate textures, shapes, and sizes of weed leaves, the variations of the reflected light from weed infestation areas might be expected to differ from those of crops. This leads to consideration of the Discrete Wavelet Transformation (DWT) algorithm to identify weed infestation area by simultaneously analyzing the image zones in both spatial and frequency domains (Su et al., 1997) . Like the Fast Fourier Transformation (FFT), the DWT is a fast, linear operation that operates on a data vector, whose length is an integer power of two, transforming it into a numerically different vector of the same length. The wavelet decomposition is capable of characteristing a signal or image in various scales or resolutions (Mallat, 1989; Cohen and Kovacevic, 1996) .
The flow diagram of the DWT weed-sensing algorithm (Fig. 4) The advantage of a DWT algorithm over FFT is that the image is decomposed into image blocks with different waveforms. The spatial information (i.e., position of these image blocks) is retained in the transformation result. These waveforms can be used to interpret spatial physical properties such as textures or edges of target image data. The location of a weed infestation area can be identified by studying the spatial information corresponding to the frequencies of the variations of pixel intensities.
FIELD EXPERIMENTS AND DATA PROCESSING
Field experiments were conducted in 1996 and 1997 in large plots to evaluate the machine-vision controlled precision sprayer. Experiments were carried out at multiple fields, and under normal Illinois commercial farming conditions without pre-emergence herbicide.
Four plots having contrasting soil types and weed species infestation were selected. The experiment plots were located at the Agricultural Engineering Research Farm, Urbana, IL. The corn and soybean plots selected for this study contained crop plants which ranged in developmental age from 4 to 9 weeks. Secondary tillage, just before planting, removed any early weed plants, so that weeds in the plots were about the same age as the crop plants. No preemergence herbicide was applied to the test plots. The precision sprayer traveled at 1.6 to 5 km/h (1 to 3 mph) during the experiment.
Special check plots were prepared for the system calibration. A 3.05 m by 6 m area was weeded manually to create different levels of weed infestation and bare soil zones. The sprayer was driven very slowly and parked at different positions to check the response (spraying water on the weed infestation zone) and to adjust the camera and algorithm parameters to fine-tune the system.
The system response (nozzle on/off) and field images were recorded in real-time (Fig. 3 ).
To assess system accuracy, 100 frames of field images were subjected to off-line manual thresholding for the WCR-based algorithm weed coverage test. In the simulated system application accuracy test for the DWT algorithm, more than 200 frames of combined field images from four different plots were visually examined to decide the appearance of weed, crop plant or soil in each individual control zone. Since the system has a relatively high accuracy in soil zone detection (close to 100%), only 115 frames of "weedy" images were selected for the weed/crop detection test. Twenty-five images were selected from plot 3 (test 3) and 30 images were selected from each of the other plots. Although there were 12 nozzles on the boom, only the control zones corresponding to nozzles 1 through 6 (field of view of one camera) were used in the system accuracy calculation.
RESULTS AND DISCUSSION
Weed Coverage Rate Algorithm
With the WCR-based algorithm, we measured the field weed coverage and average weed size. We also calculated the herbicide saving potential of our experiment sprayer. The herbicide saving potential data is relative to the experimented system, since both weed coverage and average weed size are functions of system design parameters (zone size, camera resolution, etc.) and the test plot weed infestation conditions.
Our results demonstrate that weeds typically occur in clumps or patches (Fig. 5) . The distribution of the weed leaf area per control zone did not follow a normal distribution, but was highly skewed and was best described by the negative binomial distribution (Marshall, 1988) .
About 21% of the total field area was weed free. Our weed distribution (weed density) test results are not quite the same as the results from some weed scientists' unit area weed plant number counting tests (Wilson and Brain, 1991; Thornton et al., 1990; Mortensen et al., 1995; Johnson et al., 1995) . They found that 30 to 97.7% of the tested areas had no weeds depending on the species, and many areas had zero to two plants. Our relative weed infestation density test data showed that only 21.3% of the field area (control zones) was weed free (Table 1 ). The higher weed infestation density in our tests may be due to a higher weed seed density in the soil --the test plot area had been overseeded with weed seed for herbicide efficiency test in prior years. Applying herbicide only to those control zones infested with weeds could save about 21% of the herbicide, while achieving the same level of weed control as a broadcast application. In the weed control economic threshold test, we found that if we selected 1.5% weed leaf coverage as our economic threshold, then only about 58.4% of the field area needed to be treated in our test plots (Table 1 ). This result was based on our design of the sprayer boom and the control zone size.
The average weed size is a function of time and location in the field. Weed leaf size was correlated to the weed growth stage. Data collected 3 to 5 weeks after planting showed an average weed leaf size (area) of 214 mm 2 . If we use weed leaf size data together with weed coverage information, more detailed site-specific herbicide input decisions can be made.
With the current WCR algorithm, the system can detect vegetation (weed and crop plants) density within a 3.7-m by 0.43-m area and make on/off spray decisions in 0.037 sec. 
Digital Wavelet Transformation algorithm
Weed detection accuracy of the DWT weed-sensing algorithm was tested. Experiments have shown that this frequency domain image block texture analysis method may be a promising method for extracting plant species distribution information under certain field conditions. As displayed in Figure 6 , weeds are intensively distributed in the left and right sides of the image, and the leaves of three corn plants are overlaid on the weeds on the right side of image. The central region of the image is attributed to dry soil. The shadows cast by corn leaves are also shown in this image (dark area under the corn leaves). The method seems to be insensitive to major outdoor vision problems such as lighting conditions and shadows (Tian et al., 1997) . This advantage occurs because only local relative intensity values are used in the algorithm to compare the different signatures of weeds and crop plants.
Each combined image recorded during the field tests (Fig. 3) consisted of four quadrants.
The top two quadrants displayed the field images and the bottom two quadrants displayed the real-time control decision. These example images were from a soybean field. The processed portion of the image is above the horizontal line in the image. The LEDs in front of the controller represent the 12 solenoid valves on the nozzle bodies. The images were recorded while the sprayer was stopped in the field, so that the controller delay due to travel speed was eliminated. An accuracy test of system plant zone detection was conducted during the 5 th week after planting. In this field trial, nozzles 2 and 5 were generally located over the crop rows (Fig. 2 ).
Experimental data (Table 2) illustrate (1) how many times that plant zones occurred in the specific portion of the test images, and (2) the number of correct decisions by the controller. The overall accuracy for both nozzles was 47.8%. These results imply that, over 50% of the time, the nozzle over a plant zone was activated (incorrectly). All the plant and weed zones were manually labeled after viewing the images. In some of the plant-zones there were weeds near or around the crop plants. Higher accuracy should be possible by using a smaller zone size. The optimum zone size for a practical precision sprayer needs to be studied.
During the 5 th week after planting, a test of system accuracy in detecting weed infestation zones was conducted. The results demonstrated that nozzles 1 and 6 had an accuracy of 67% and 66.1% respectively, about 12% lower than the average accuracy of nozzles 3 and 4 (Table 3 ).
The reduced accuracy of nozzles 1 and 6 was due to the image transformation "edge effect." The problem could have been overcome by shifting the useable image view area to the center of the image and leaving a buffer zone along the edge of each image frame. In a commercial system design, we recommend that the combined image should cover a larger area and the edges of the image (10 to 20 columns) should not be used after image processing. The overall system weed detection accuracy was also tested over different soybean plant chronological ages (Fig. 7) . This experiment started at the middle of the post-emergence weed control season (4 weeks after planting). A trend can be seen that the system weed zone detection accuracy decreases as the crop and weed plants grow older. The weed detection accuracy reached its peak in week 5 in the soybean field.
The image processing time for each individual frame was 0.37 s with our Pentium 133MHz computer. As mentioned earlier, one frame of image contained two separate views (Fig. 3) and covered a 3.7-m by 0.43-m area in front of the sprayer. In other words, for every 0.37 s, the sprayer can advance 0.43 m. The maximum sprayer travel speed with the current sensing system is 4.2 km/h (2.6 mph).
SUMMARY AND CONCLUSIONS
An automatic sprayer controlled by a real-time machine-vision system was developed and tested. The results show that, with specially designed hardware and software, a real-time selective herbicide applicator can be realized.
The prototype system was designed with an optimization strategy of balancing the practical need for accuracy in field operations and the requirement for a real-time system.
Instead of using high spatial resolution images and individual plant recognition, low-resolution (large view area) images were used. Real-time image processing algorithms, the coverage density and the wavelet decomposition, were employed to detect weed infestation zones. The zone size was designed to match the prevailing post-emergence sprayer boom standard.
With the weed coverage ratio algorithm, the system can detect vegetation (weed and crop plants) density within a 3.7-m by 0.43-m area and make on/off spray decisions in 0.037 second.
Based on this speed, the sprayer can travel at a maximum speed of 46 km/hr. With current zonesize design, relative weed infestation density threshold tests were conducted. Between 48% and 58.4% of herbicides could be saved if 0.5% and 1.5% weed coverage were used as the control threshold, respectively. With the current system design and using 0.5% weed coverage as the control zone threshold, about 48% of the herbicide could be saved.
With the discrete wavelet transformation weed-sensing algorithm, the system can detect bare soil zones, weed infestation zones, and crop plant zones within a 3.7 meter by 0.43 meter area and make spray decisions in 0.37 second. Based on this speed, the sprayer can travel at a maximum speed of 4.2 km/hr. The overall accuracy of the sprayer was 100% in bare soil zone detection, 75% in weed infestation zone detection, and 47.8% in crop plant zone detection.
The authors believe that the most obvious way to extend this research is to conduct more studies on "local application rate" controllers. The prototype system used on/off control and a constant flow rate through each individual nozzle. In addition to the weed distribution information, weed coverage density data were obtained from the processed field images. With the real-time machine-vision system, a more precise variable flow rate controller could be developed to realize local chemical application rate control.
In some corn fields, residue appeared to be a problem with the WCR-based algorithm, because the WCR readings include some residue pixels. Morphological data were tested to separate plant from the residue. However, the speed was too low for real-time application.
Multi-channel (spectral) imaging may be needed for the segmentation between plant and residue.
The precision chemical application embraces the concept of creating a balanced cropweed ecosystem in the field with lowest cost and minimum environmental impact. With the availability of such a precision sprayer, new questions are generated which require an interdisciplinary effort to find answers. Further research and experimentation are needed to determine the optimal chemical input amount for different crop/weed coverage, control zone size, and timing combinations. The knowledge of agricultural engineers, agricultural economists, weed scientists, and agrochemical experts must be brought together in order to develop the high performance expert system required for a precision sprayer. When fully developed and available, the precision sprayer will be a great benefit in increasing agricultural profitability and to society by reducing environmental damage. 
